Protein grafting, the transfer of a binding epitope of one ligand onto the surface of another protein, is a potentially powerful technique for presenting peptides in preformed and active threedimensional conformations. Its utility, however, has been limited by low biological activity of the designed ligands and low tolerance of the protein scaffolds to surface substitutions. Here, we graft the complete binding epitope (19 nonconsecutive amino acids with a solvent-accessible surface area of >2,000 Å 2 ) of an HIV-1 C-peptide, which is derived from the C-terminal region of HIV-1 gp41 and potently inhibits HIV-1 entry into cells, onto the surface of a GCN4 leucine zipper. The designed peptide, named C34coil, displays a potent antiviral activity approaching that of the native ligand. Moreover, whereas the linear C-peptide is unstructured and sensitive to degradation by proteases, C34coil is well structured, conformationally stable, and exhibits increased resistance to proteolytic degradation compared with the linear peptide. In addition to being a structured antiviral inhibitor, C34coil may also serve as the basis for the development of an alternative class of immunogens. This study demonstrates that ''one-shot'' protein grafting, without subsequent rounds of optimization, can be used to create ligands with structural conformations and improved biomedical properties.
L
inear peptides derived from the C-terminal heptad repeat region of HIV-1 gp41 (C-peptides) are promising candidates for inhibiting HIV-1 entry into cells (1, 2) , both as a therapeutic (1, 3) and potentially as an immunogen (2, 4) . C-peptides bind in a dominant-negative manner to the gp41 N-terminal heptad repeat (N-peptide) region; this binding event prevents formation of the trimer-of-hairpins structure necessary for the fusion of the viral and cellular membranes (ref. 2 and Fig. 1A ). As therapeutics, C-peptides are potent (nanomolar) inhibitors of HIV-1 infection in vitro (5, 6) , and clinical trials demonstrate a strong antiviral activity in humans (3, 7) . In addition, the gp41 Cpeptide region itself is an attractive target for inhibition of viral entry, because several agents [such as ] bind to the gp41 C-peptide region and effectively neutralize infection of cells by diverse strains of HIV-1. [Also, the extended epitope of the broadly neutralizing 2F5 antibody overlaps with the Cpeptide region (9, 10) .] As such, C-peptides can also be potentially used as immunogens to elicit neutralizing antibodies. The feasibility of both uses of C-peptides is underscored by the observation that the amino acid sequences of the region targeted by C-peptides (5, 11, 12) , and the C-peptide region itself (8) (9) (10) 12) , are highly conserved among diverse HIV-1 subtypes.
C-peptides are conformationally unstructured in isolation (13) , but are ␣-helical when bound to their target, the gp41 N-peptide region (11, 14, 15) . Also, the gp41 C-peptide region itself is recognized in a helical conformation by a broadly neutralizing agent, 5-Helix (8) . Two lines of evidence suggest that the presentation of C-peptides in a preformed, ␣-helical conformation could increase their biomedical potency. First, linear C-peptides are sensitive to proteolytic degradation and exhibit short half-lives in clinical trials [Ͻ2 h using intravenous administration (7) ]; in comparison, structured C-peptides are likely to show increased resistance to proteolytic degradation. Second, immunizations of animals with linear peptides corresponding to the C-peptide region (16, 17) have failed to elicit antibodies that neutralize HIV-1 infection; presenting these peptides in a structured helical conformation may be crucial to elicit antibodies with the binding properties of 5-Helix.
We seek to create a fully ␣-helical and biologically active version of a C-peptide, C34 (6) , by protein design. Previous studies (18) of C-peptides using conventional helix-stabilization methods such as chemical cross-linking and amino acid substitutions produced peptides that were not fully helical and substantially less potent than the native C-peptide (19, 20) . An alternative strategy is protein grafting, which transfers the critical binding residues of the ligand onto the surface of a stably folded protein (21) (22) (23) (24) (25) (26) (27) (28) . In previous protein grafting studies of other protein-ligand systems (24, 26) , the designed peptides had impressive biological activity given the grafting of only a small number of residues, but their binding affinities were still significantly less than those of the native ligands. The grafting of a large number of key binding residues generated peptides with strong binding activity, but disrupted the native protein scaffold (24, 25, 27) . Substantial optimization was needed after the initial grafting to either rescue the scaffold structure (27) , or to produce a potent ligand (29) . Therefore, an important challenge is to create ligands that exhibit a high biological activity, and also retain the stable, native fold of the scaffold protein.
Materials and Methods
Peptide Design. The sequences of the peptides are given in Fig.  1D . The grafted epitope consists of 19 residues of C34 in the aЈ, dЈ, eЈ, and gЈ positions (W628, W631, D632, E634, I635, Y638,  T639, L641, I642, L645, I646, E648, S649, Q652, Q653, K655,  N656, E659 , and L660). The residues that are replaced in GCN4 are 14 residues in the b, c, and f positions (K3, Q4, D7, E10, E11, S14, Y17, H18, N21, A24, R25, K28, G31, and E32), with 4 residues in the e position (E6, L13, E20, and K27) overlapping with the 4 residues in the gЈ position of C34. The residues that are retained in GCN4 are 15 residues in the a, d, e, and g positions (R1, M2, L5, K8, V9, L12, K15, N16, L19, E22, V23,  L26, L29, V30 , and R33), with the 4 residues in the e position.
Peptide Synthesis and Purification. Peptides were synthesized by standard fluorenylmethoxycarbonyl chemistry with acetylated N termini and either free or amidated C termini (sequences shown in Fig. 1D ). The identities of all peptides were confirmed by (Perceptive Biosystems Voyager Elite) matrix-assisted laser desorption ionization MS (MALDI-MS) to be within 0.1% of the predicted masses. Reverse-phase HPLC (C18 column; Vydac, Hesperia, CA) was used to purify the peptides. To synthesize the heterodimer, approximately equimolar amounts of the (Cys)C34-GCN4 and (Cys)GCN4 peptides were mixed in 6 M guanidine hydrochloride and 100 mM Tris, pH 8.0. After 24 h of air oxidation, the heterodimer was purified by reverse-phase HPLC. The purity and molecular weight of the heterodimer were verified by liquid chromatography-MS (LC-MS) (FinniganAbbreviations: C-peptides, peptides corresponding to the C-terminal heptad repeat of HIV-1 gp41; N-peptides, peptides corresponding to the N-terminal heptad repeat of HIV-1 gp41. ‡ Gel Filtration Chromatography. Gel filtration chromatography was performed on a TosoHaas G4000SWXL column at room temperature and monitored at 280 nm, using PBS as the running buffer. C34coil (25 l and Ϸ100 M) was injected into the column running at 1 ml͞min. A Bio-Rad gel filtration standard was run as a molecular weight standard.
Proteolysis. Proteinase K (Sigma) was added to the peptides (at concentrations of either 10 or 20 M) in PBS and incubated at 37°C. For the indicated relative ratios of proteinase K digestion, the amounts of proteinase K and incubation times were: 1ϫ for 0.002 g͞ml for 1 min, 10ϫ for 0.02 g͞ml for 1 min, 600ϫ for 0.2 g͞ml for 60 min, and 10,000ϫ for 0.2 g͞ml for 17 h. After incubation, the reactions were quenched by bringing the solutions to a final concentration of 1 mM PMSF and 5% acetic acid. The reaction products were run on a Microsorb-MV C18 column at a speed of 1 ml͞min and a gradient of 1% acetonitrile per min.
Cell-Cell Fusion and Viral Infectivity Assays. In both inhibition assays, peptide stocks were dissolved in dimethyl sulfoxide, and their concentrations were determined by absorbance in guanidine at 280 nm. The final concentration of dimethyl sulfoxide in tissue culture media was 1% in all experiments. Inhibition of cell-cell fusion (syncytia formation) was performed as described, with a 20-h incubation (6) . Inhibition of viral infectivity was performed as described (6) . In both assays, the IC 50 , the concentration needed to inhibit 50% of cell-cell fusion events or luciferase activity, was calculated from fitting the data to the equation, y ϭ k͞(1 ϩ [peptide]͞IC 50 ), where y ϭ number of syncytia or luciferase activity and k is a scaling constant.
dimeric GCN4 leucine zipper with one GCN4 helix shown in ribbon format (backbone of GCN4 helix in dark blue; Center), and a model of C34coil (Right). Both the C34 binding epitope (orange) and the GCN4 hydrophobic core (light blue) are incorporated into C34coil. The solvent-accessible surface area of the C34 binding epitope is 2,061 Å 2 (see Materials and Methods for calculations).
(C) Helical wheel representations of C34 (red), GCN4 (blue), and C34coil (red and blue). The four residues at the gЈ position of C34 and the four residues at the e position of GCN4 are identical and are shown in italics. C34coil is a covalent heterodimer of two peptides, (Cys)C34-GCN4 and (Cys)GCN4, connected by means of a disulfide bond [(Cys) denotes the addition of a Cys-GlyGly sequence to the N terminus of the peptide]. The boxed residues of C34 (at aЈ, dЈ, eЈ, and gЈ positions) and GCN4 (at a, d, e, and g positions) are incorporated into the C34-GCN4 peptide and are equivalent to the binding epitope highlighted in orange and blue, respectively, in B. (D) Sequences of the peptides C34 (red), GCN4 (blue), (Cys)C34-GCN4 (red and blue), and (Cys)GCN4 (blue). The four residues in common in all peptides are shown in italics. The C34-GCN4 peptide, which lacks the N-terminal Cys-Gly-Gly, was also synthesized. Ac, an acetylated N terminus; NH2, an amidated C terminus. Note that the GCN4 sequence used in this study corresponds to GCN4-p1 in previous studies (32) . See Materials and Methods for more details on the peptide design. 32. For C34, the coordinates of only one of the C-peptides were used (without the N-peptides). For an equivalent comparison between C34 and GCN4, the 17 residues present in both structures were used for the calculations (aЈ, dЈ, eЈ, and gЈ positions of C34 from W631 to E659, and b, c, e, and f positions of GCN4 from K3 to G31).
Results
Design Principles. We constructed a helical, stable, and biologically potent C-peptide by grafting all 19 amino acids of the C34 binding epitope onto the surface of a GCN4 leucine zipper, a stable, homodimeric coiled coil (ref. 32 and Fig. 1 A and B) . The coiled coil is a good candidate to act as a scaffold protein, because it is a stable and protease-resistant structure (13, 33, 34) , and helix bundles can effectively present binding epitopes on their surfaces (24, 25, 35) . To design the sequence of the helical C-peptide, we observe that in coiled coils, the residues forming the hydrophobic core are most critical for formation of the helical structure, whereas the solvent-exposed residues are less critical for stability or dimerization (33, 36) . Therefore, the 19 amino acids in the hydrophobic core of GCN4 (residues shown in blue in Fig. 1B and boxed in Fig. 1C ) were retained in the designed peptide. Next, all 19 residues in the epitope of C34 for binding to the N-peptide region of gp41 (residues shown in orange in Fig. 1B and boxed in Fig. 1C) were transferred onto the solvent-exposed face of the GCN4 helix. Fortuitously, the 4 amino acids at positions gЈ of C34 and e of GCN4 [for an amino acid sequence with a heptad repeat of the form (abcdefg) n ] (residues shown in italics in Fig. 1 C and D) are identical. The designed peptide, denoted C34-GCN4, is 34 residues in length: 19 from C34, 19 from GCN4, with 4 overlapping residues. The GCN4 leucine zipper was chosen as a particularly suitable scaffold protein in this study for several reasons. First, the determinants of the structure and stability of the GCN4 leucine zipper are well characterized. In particular, like other coiled coils (33, 36) , the overall helical structure of GCN4 is tolerant to large-scale substitutions at the solvent-exposed residues (at positions b, c, and f), and the effects of many specific mutations of GCN4 are known. This knowledge allows one to design the grafting in a way as to minimize disturbance to the coiled-coil structure while maximizing the amount of replaced residues. Second, compared with other coiled coils, the GCN4 leucine zipper is only moderately stable, with a midpoint transition temperature of 57°C (37) . Therefore, on binding to the gp41 target, the GCN4 coiled coil can potentially adjust its helical structure to approach the optimal conformation for the grafted C34 residues. Third, GCN4 is uniquely suited for the grafting of C34 binding residues because the four amino acids at position e of GCN4 and gЈ of C34 are identical (residues shown in italics in Fig. 1 C and D) . The electrostatic interactions in the e͞g positions are important for maintaining the structure (32, 38) and stability (39) of the GCN4 coiled coil, and they may have been important in a previous grafting study (24) , where the helical structure of the GCN4 scaffold was disrupted on substitutions at the e͞g positions. This fortuitous match allows both the complete core of GCN4 and the complete binding epitope of C34 to be recapitulated in the designed peptide. Most other helix bundles and coiled coils would not meet this important criterion due to the low probability that all residues at an e͞g position would match to those of C34. Fourth, the solvent-accessible surface area of the C34 epitope closely matches that of the region on GCN4 available for grafting (in an equivalent comparison, Ϸ1,700 Å 2 for C34 and 1,800 Å 2 for GCN4; see Materials and Methods), thereby minimizing disruption to both the scaffold and the binding epitope in the grafted protein. Fifth, both GCN4 and C34 contain four full heptad repeats. The matching length ensures that the full set of C34 binding residues can be grafted, but that the grafted protein does not contain other regions that interfere with binding to the target. Sixth, the backbone rms deviation between GCN4, a canonical coiled coil (32) , and C34, which does not exhibit knobs-into-holes packing typical of coiled coils (11) , is reasonable but not extremely close (1.2 Å for most of the helix; see the Fig. 1 A legend) . Superposition of crystal structures of the two helices (Fig. 1 A) shows that the deviation results mostly from a difference in the supercoil. Also, the pitch of ␣-helices in coiled coils such as GCN4 is generally larger than those of noncoiled coils (40) .
Characterization of the C34-GCN4 Peptide and C34coil. The C34-GCN4 peptide is very hydrophobic, and as a result, exhibits low solubility (Ͻ1 M in PBS). The CD spectrum of the C34-GCN4 peptide (in a low amount of guanidine hydrochloride to increase peptide solubility) indicates a mostly random coil structure ( Fig. 2A) .
To overcome the poor helical content and solubility of the C34-GCN4 peptide, we made a disulfide-linked heterodimer, denoted C34coil, composed of two peptides: (Cys)C34-GCN4 and (Cys)GCN4 (Fig. 1C) . Compared with the C34-GCN4 peptide, C34coil is expected to be more soluble because the second helix of GCN4 contains many hydrophilic amino acids, and to have a more stable helical structure because the disulfide linkage stabilizes the helical conformation of coiled-coil dimers (37) . Indeed, C34coil exhibits enhanced solubility (up to 100 M in PBS) and a helical content of Ͼ90% (Fig. 2 A) . Moreover, the helical structure of C34coil is stable, as shown by chemical denaturation (Fig. 2B) . Importantly, C34coil is monomeric and exhibits no aggregation under physiological conditions, as determined by gel filtration chromatography (Fig. 2C) . Thus, C34coil exhibits a stable, helical structure, despite substantial mutations to the surface of the GCN4 leucine zipper, and the preformed helical conformation of the C34 binding epitope does not induce aggregation.
To test how well the HIV-1-neutralizing epitope was recapitulated in the preformed ␣-helical structure of C34coil, two assays were used to measure the potency of the designed peptides in inhibiting HIV-1 envelope-mediated membrane fusion. In both the cell-cell fusion (Fig. 3A) and viral infectivity (Fig. 3B ) assays, C34coil exhibits potent antiviral activities, with IC 50 values of 3 nM and 16 nM, respectively, which are within an order of magnitude of those of C34 (6) . In addition, the GCN4 homodimer, a covalent homodimer of (Cys)GCN4 (Fig. 1D) , shows no activity in both assays up to 50 M, confirming that the C34-binding epitope, and not the GCN4 portion, is responsible for the inhibitory activity of C34coil. The potent inhibitory activity of C34coil demonstrates that the helical C34 epitope is presented in a biologically active conformation. Interestingly, C34-GCN4 also potently inhibits HIV-1 entry (Fig. 3) .
The stable, helical structure of C34coil is expected to give rise to an increased resistance to proteolytic degradation compared with linear peptides, because proteases are most active on unfolded substrates. We compared the sensitivities to proteolytic degradation of C34coil and the linear peptide C34 by digestion with proteinase K, a protease of broad substrate specificity, and analyzed the reaction products by reversephase HPLC. C34coil is Ϸ1,000-fold more resistant to degradation by proteinase K than by C34 (Fig. 2D) . Because of its increased resistance to proteolytic degradation and potent inhibitory activity, C34coil or its variants may be useful therapeutics for HIV-1 infection in addition to the C-peptides being currently tested (7) .
Finally, we characterized a variant of C34coil, named
C34coil-N16K, with a mutation of Asn-16 to Lys-16. Compared with C34coil, C34coil-N16K exhibits a less stable helical structure, and inhibits HIV-1 entry with a slightly greater potency (Fig. 4) .
Discussion
Protein Grafting. We demonstrated a simple and powerful protein grafting strategy to stabilize an anti-HIV-1 epitope into a structured and functional conformation. Previous successful protein grafting studies (25, 27) , where potent binders were generated and the structural integrity of the scaffold was intact, featured substantial optimization after the initial grafting [either phage display or multiple iterations of point mutations (26, 29) ]. By comparison, our study uses a simple one-shot protein grafting strategy, which results in a nanomolar binder. Several factors contributed to a successful one-shot protein grafting. First, we minimize disruption of the scaffold structure by retaining all of the key determinants of its stability (a, d, e, and g positions for GCN4). Second, we maximize the effectiveness of the grafted epitope by transferring all of the key binding residues of C34. For gp41, transferring such a large number of residues may be particularly important because interactions along the entire interface between the C-peptides and N-peptides are important for the stability of the 6-helix bundle (41) . Third, the correspondence between the scaffold and ligand was sufficiently close in structural parameters (accessible surface area and backbone rms deviation). Finally, the conformational flexibility of the scaffold (because the midpoint unfolding temperature of GCN4 is not very high) allows for adjustment of the C34coil helical structure on binding to the gp41 target. In terms of scale, this study demonstrates that a large number of residues can be successfully grafted onto a scaffold. In particular, 19 residues were successfully grafted in this study [in previous studies, 10 (26) and 8 (24) residues were grafted; in one study, 17 residues were grafted, but the scaffold was unfolded (25, 27) ]. The accessible surface area of the grafted anti-HIV-1 epitope is 2,061 Å 2 , or 55% of the total surface area of C34. Compared with an average protein-protein interface, where each subunit buries Ϸ600 -1,000 Å 2 , comprising 5-20% of its total surface area (42) , this study suggests that size alone is likely not a limitation in grafting most proteinprotein interfaces.
The binding of C-peptides to their target involves a delicate balance between the enthalpy and entropy of binding (43) . Despite presenting the full binding epitope in a helical conformation, C34coil is a slightly less potent inhibitor than the linear peptide C34. Thus, the entropic gain in binding energy from a preformed helical scaffold may be offset by the energy required to change the C34-binding epitope from a coiled-coil conformation (32, 33) to the active helical conformation (11, 14, 15) (the backbone rms deviation between the two conformations, 1.2 Å in the main part of the helix, is reasonably but not extremely close; Fig. 1 A) . To test this hypothesis, we synthesized C34coil-N16K with a mutation of Asn-16 to Lys-16, which introduces greater conformational f lexibility to the helical structure. In the GCN4 leucine zipper, the N16K mutation lowered the stability of the coiled coil while preserving a dimeric oligomerization state (44) . Indeed, compared with C34coil, C34coil-N16K exhibits cooperative unfolding, but with lower stability, and inhibits HIV-1 entry with slightly greater potency (Fig. 4) .
Overall, the constraining method of choice depends on the end goal. Loose covalent cross-linkers may be used to improve the potency of the ligand but not enforce a rigid structure (43) , whereas protein grafting may be used to enforce a rigid structure but at the cost of introducing an entropic barrier to Peptides are incubated with proteinase K at 37°C, and the reaction products are monitored by reverse-phase HPLC. The relative ratios of proteinase K account for differences in both the protease concentrations and incubation times. Shown are the HPLC chromatograms. C34coil is Ϸ1,000-fold more resistant to degradation by proteinase K than by C34.
attaining the optimal conformation of the grafted epitope. For protein grafting, the GCN4 coiled coil is a suitable protein scaffold, because it is sufficiently stable to retain its helical conformation, but not overly stable as to lock the binding epitope into an inactive conformation. GCN4 is also useful in that its helical structure is tolerant of large-scale surface substitutions as long as the key determinants of coiled-coil stability are retained; this property is consistent with previous studies that showed the native fold of a protein can tolerate large-scale substitutions if the substitutions are appropriately chosen (45) . Finally, the GCN4 coiled coil can be mutated further to optimize conformational or other properties without losing its ability to serve as a grafting scaffold, as shown by the C34coil-N16K peptide.
Mutability of C34 Region. The potent antiviral activity of C34coil suggests that residues at the solvent-exposed face of the C-peptide helix (opposite from the face that binds to gp41, at b, c, and f positions of the heptad repeat) are not crucial for activity. Consistent with this observation, the unstructured C34-GCN4 peptide, which contains all of the key binding residues of C34, but features completely different residues at the solvent-exposed positions, also shows strong inhibitory potency (Fig. 3) . The remarkable tolerance of C34 to amino acid substitutions suggests that significant mutations (for helix stabilization, for example) may be used in the future to create an even more potent linear C-peptide than C34 or T-20.
Future Use and Design. C34coil may be an effective immunogen for eliciting antibodies that recognize the C-peptide region of gp41 in a helical conformation and block membrane fusion (8) . Moreover, anti-C34coil antibodies would be expected to recognize only the highly conserved binding epitope of C34; in comparison, antibodies against linear epitopes would recognize both conserved and nonconserved residues (8) , which may increase the probability of the emergence of escape mutants. C34coil could also be fused to a 2F5 epitope, which is located immediately C-terminal to and may even overlap with the C34 sequence (10), constrained into a ␤-turn to form an extended conformationally stabilized epitope [the conformation of the epitope has been shown to be important for recognition by the 2F5 antibody (46, 47) ].
Future designs of C34coil can be modified in several ways. A scaffold with a lower backbone rms deviation from C34 may result in a more potent binder; for this purpose, a GCN4-derived tetramer may be appropriate because it exhibits less supercoil than the GCN4 dimer, and it retains the advantages of a GCN4-based system (such as the matching e͞g residues). Also, the current design requires an oxidation and repurification step of two separate peptides; the use of antiparallel coiled coils (48) would circumvent this requirement. Finally, this protein-grafting strategy can be extended to other viruses, such as paramyxovirus (49) , parainfluenza (50) , and Sendai virus (51), for which analogous C-peptides have been shown to inhibit membrane fusion.
The presentation of protein sequences in preformed, active three-dimensional conformations is a potentially powerful strategy for improving their biomedical properties. In particular, linear peptides and recombinant proteins that are attractive candidates for therapeutics and immunogens often exhibit nonproductive three-dimensional conformations, which can limit their immunogenicity, antigenicity, or binding affinity toward the target (see ref. 52 for HIV-1 immunogens). We demonstrate that protein grafting of a large binding epitope can be performed in a way that exhibits both a potent biological activity and a favorable three-dimensional structure, without subsequent optimization of the grafted protein sequence. The utility of the protein-grafting strategy can be augmented by phage display (27) or structure-based analysis (29) to improve the potency or stability of the designed peptide.
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